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CONTRIXTION TO THE THEDRY OF THE ADSORPTION EFFECT 

THE ACTIOX OF I O N I Z I N G  iiADIATIOW 
AT THE SITWACE OF SBEUX)NDUCTOEIS AND GEIS UTaDER 

D.A.Aronov, Sh. A. Ablyayev, U. li.I)ulatov, 

Discussion of the  problem of determining 

adsorption e f fec t  f o r  semiconductors and 

of the  semiconductor (or  gel) parameters 

temperature and pressme. A solution i s  

the  sign of the  

gels  as a function 

and of t h e  t e s t  

obtained within 

the framework of t h e  mechaxism of electron chemisorption 

theory, f o r  the case of strong absorption when ionizing 

radiation leads t o  t h e  occurrence of electron-hole pairs 

near the surface. 

A t  present, maq experimental s t u d i e s  [e.g. ( X b L l ) ,  Sect.lCb1 point out 

t ha t  radiation (illumination, gam& quanta, high-enera- charged par t ic les )  pro- 

duces variations i n  the adsorption properties of semiconductors. 

years, changes i n  adsorptivity under t h e  influence of gammarays o r  i r rad ia t ion  

with electrons have been observed in g e l s  (Bibl.2, 3). 

findings indicates t ha t  t he  magnitude and polar i ty  of the adsorption e f fec t  de- 

pend on the  nature of the  adsorbent and of the  adsorbed substance, on the  ex- 

perimental conditions (pressure, temperature), surface state of the  specimen 

(treatment), and its previous history. 

car, be obtained by t reat ing t h e  specimen with specif ic  substances o r  by v a q i n g  

the  aolbient gas pressure o r  t h e  surface condition. 

I n  recent 

A n  analysis of these 

A change i n  the  polar i ty  of the e f fec t  

Studies of t h e  theory of this problem a re  re la t ive ly  few. An attempt t o  

* Numbers i n  the margin indicate pagination i n  the  or ig ina l  foreign text. 



construct the theory of t he  photoadsorption effect  i n  seniconductors was f i r s t  

made b? F.F.Volfkenshteyn et  al. i (Bib l .4  - 6)  and Sect.lCa (Kbl.l)] ,  based on 

the electron theory of chemisorption. Considering that the  photoadsorption and 

cathodic adsorption e f fec ts  have many aspects in common, this theory apparently 

can be extended t o  the cathodic adsorption effect in gels. In fact ,  ge ls  are 

not perfect  d ie lec t r ics  and, given the presence of a suf f ic ien t ly  large amount 

of impurities, can be regarded as seniconductors with a wide forbidden zone 

( 7  - 8 ev). 

The dlfference between the effect  of Light a ~ d  the  e f fec t  of slow electrons 

with an energy of 10 - 12 ev Lies chiefly i n  that,  owing t o  strong absorption, 

electrons ac t  mainly on t h e  upper layer  of a body, there  causing relat ively 

nmemus strxturdl per twbat lons and excited states, w h i l e  negatively charging 

the  g e l  surface. As in the  case of illumination, this leads t o  a change i n  t h e  

concentration of free current car r ie rs  i n  the surface layer  which, i n  i t s  turn, 

nzy c a w e  a change i n  the adsorptivity of the  ge l  (Bib1.4, 6). 

m l m e  on the  observed ef fec t  consists chief ly  i n  

generated by illtrmination or electron bombardmeEt diffusing i n t o  the  body and 

recombining there .  

The effect  of 

a par t  of the car r ie rs  

A s  i n  another case (Bib1.6), t h e  a b  of the  present investigation was to  

determine - f r o m  the viewpoint of t h e  mechanism of the electron theory of chemi- 

sorption - the polar i ty  of the adsorption effect  as a function of the parameters 

of the  semiconductor (or gel )  and of the  experimental conditions, but based on 

premises t h a t  d i f f e r  somewhat (Bibl.6). 

absorption, i n  which ionizing r a d i a t i o n  produces electron-hole p a i r s  i n  the  

neighborhood of the surface. 

f i e l d  from the surface towzrd the  in t e r io r  of t he  crystal ,  we W i l l  derive the 

We w i l l  consider the case of strong 

Because of t he  rapid attenuation of the  e l e c t r i c  & 
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solut ion of t h e  corresponding equations i n  the  quasi-neutrality approximation. 

An a rb i t r a ry  course of t he  poten t ia l  i s  assumed i n  this solution; actually, how- 

ever, this course i s  such that exp [* ,wg rapidly f luctuates  with varia- 

tions ir; V ~ ( X ) *  

t h e  po ten t i a l  curve such as was applied by t he  above author (BiblA),  

i n  contrast  t o  the  latter, in determining the  ca r r i e r  distributions,  we will 

Hence, the  S O ~ E ~ ~ O R  does riot reqtiire a E n e a r  t;ppn>xiaation of 

Noreover, 

take the  surface recombination in to  consideration. 

It i s  'mown (EJib1.k - 6) tha t  t h e  po lar i ty  of t he  adsorption effect  i s  de- 

termined by the  polar i ty  of t h e  parameter 

where 
and po' = electron concentrations i n  the conduction zone and hole 

concentrations i n  the  valence zone, respectively, at  the  

c rys t a l  surface i n  the  absence of radiation; 

hs and tp, = radiation-induced additions t o  these concentrations; 

cF = posi t ion of t he  Fermi level i n  the nonirradiated specimen, 

reckoned from the center of the  forbidden zone (ng.1);  

VoS = quantity characterizing t h e  surface curvature of zones. 

If the surface is negatively charged, t h e  zones are curved 

q M  (v05 ' 0); 
v = posi t ion of t h e  surface l e v e l  A of t he  adsorbed par t ic le .  

For adsorption of acceptor par t ic les ,  t he  polar i ty  of t h e  

effect  coincides with that of y ,  while f o r  adsorption of 

donor par t ic les ,  it i s  reversed. 

A s  before (Bibl.6), we Will herea f t e r  analyze in eq.(l) t h e  dependence of 

t h e  additions b, and on t h e  rate of incident radiation and the  magnitude 
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1. c c  

kt :s corsider a ger?eraI. case where 2 c q s t a l  cor , tahs  a c c q t o r  and donor 

irqpurities, With concentrations of SA and No (fig.1). Let us assume that t h e  

:- -+ \*.+ 
F'ig.1 Energy Diagram of ,..: b. ' d  with Hegatively C --otz 

0 x 5 % = volume-charge region, x 2 = quasi- 
neutral region. 

half-space x 2 0 i s  occupied by a solid, w h i l e  the  region x < 0 represents a 

gaseous medium. let us also assume that  the  surface x = 0 i s  illuminated by 

l i g h t  o r  i r radiated wi th  slow electrons i n  t h e  direct ion x > 0, where g ( x )  = g, 

at x = 0 and g(x>  = 0 at  x > 0 (g denotes the  number of electron-hole pairs 

excited by i r rad ia t ion  per  cm2 of surface pe r  un i t  t h e ) .  

Given these assumptions, t he  behavior of electrons and holes during shall- 

scale  equilibrium perturbations is determined by the  system of equations (Bibl.6) 



Here, 
2n - and j, (j, = jp), n and p, Da and 4, 7, and Tp = fhx ,  concentration, 

diffusion coefficient, l ifetime of electrons and holes, respectively; 

E - (l/e)(d'lr/dx) = in tens i ty  of the e l ec t r i c  f i e ld ;  

V = potent ia l  energy of the electron; 

e = absolute value of electron charge; 

e = die lec t r ic  constant of the crystal;  

N: = 6, Ap and N;; = 6 ,  An = concentrations of posi t ively charged donors 

and negatively charged acceptors, respectively. 

The solution of eqs.(2) and ( 4 )  i n  the region of the volume charge 0 5 

S x 5 xCl, neglecting the  recombination terms h ~ ,  

assumption that a strong e l ec t r i c  f i e l d  exists a t  the crystdl  surface 

and AP/T, by vi r tue  of the 

(~m/E&J 4 W n o ,  &/Po), w i . l l  then be 

In deriving eqs.(6) and (7), we made use of t he  boundal-g conditions 

Here, s, and s, are  the  surface recordhation rates of electrons and holes, 

respectively. 
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The expressions hn(xo) and Ap(x0) include the in tegra ls  

V o ( X t )  3.1 from eqs.(b) and (?I, which can be accurately calculated only by * kT 
numerical methods. Their approxbate values, however, can be established on 

the  bas i s  of the following reasoning: 

I n  the  expression /66 

the  exponential function r a p i w  increases with increasing V, (x) and the major 

contribution t o  the i n t e g r a  i s  made by integration over t he  region where Vo(x) 

is maximal, i.e., i n  the neighborhood of x = 0. Then, it i s  possible t o  derive 

from under the  i n t e g r a  sign the  value of (dVO/dx)-l a t  that point and 

Note tha t  these relat ions a re  accurate in the  par t icular  case of a l inear  ap- 

pmximation of the curve of the potent ia l  Vo(x) = eEOl (x - xg) employed else- 

where (Bibl.6) * 

I n  the region xo 5; x S m, where no = const, po = const, Eo = 0, V, = 0, 

eqs.(2) - (5 )  are solved on the basis of the quasi-neutrality approximation, as 

opposed t o  the method used before (Bibl.6). According t o  this approximation, 

Considering eq.(9), eqs.(Z) - (5 )  w i l l  furnish, for  0, 



where 

The integration constants A and xo are eliminated with the  aid of the  con- 

d i t ions  f o r  "joining" t h e  solutions of eqso(9) and (6), (12) and (?), (19) and 

(8) at x = x0. If, at the  c rys ta l  surface, there exists a strong e l ec t r i c  

f i e l d  (Eos - lo" - 16 *) such tha t  

then the expressions f o r  hn, and !ps assume the form 

where s$ = s, exp (- *) $ = E+, exp (+ *) are  the effect ive values of 

the electron - hole surface recombination rates, due t o  the f a c t  that the  cur- 

rent  ca r r i e r s  do not recombine on a neutral  surface but on a charged surface i n  

whose neighborhood the zones show a marked curvature. 

The t o t a l  f r e e c a r r i e r  concentration at  t h e  surface (concentration of free 

ca r r i e r s  generated by i r rad ia t ion)  i s  AvS = An, + Ap' 

chief ly  represent t he  new adsorption nuclei which appear at  t h e  surfaces of gels 

o r  semiconductors when these are  exposed t o  slow electrons o r  strongly absorbable 

l igh t .  

after i r rad ia t ion  will clear ly  be proportional t o  the  sum of the concentrations 

of f r e e  car r ie rs  and defects: 

These free charges 

The number of gas molecules addi t ionany adsorbed on t h e  c rys ta l  surface 
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= R p, 'i- AP* j+&J 

Here, R i s  the  proportionali ty factor, and N, i s  t h e  concentration 

surface defects. 

2. Discussion of the  Findinm 

Substi tuting eqs.(l6) and (17) into eq.(l> aid considerbig tha t ,  according 

t o  Karpenko (BiblA),  

we can determine y (assuming C, = 5 ) :  
- 7 = exp(- p ; k T ] ,  

where 1 
j '  i 

Here, it i s  assumed tha t  6p = 6, (case of nearly t o t a l  compensation of impuri- 

t i e s )  o r  6, = 0, 6, e 1 (case of p-type semiconductor), 6, = 0, 6, 

n-type semiconductor) 

1 (case of 

From eqs.(20) and (22) it can be seen tha t  the  polar i ty  of y and hence also 

the  po la r i ty  of the  adsolption e f fec t  i s  determined not just by the polar i ty  of 

Q, (Bibl-6) but also by the  ratios of the effect ive surface recombination rates 

of electrons and holes t o  t h e i r  recombination within the volume of t h e  semicon- 

ductor, i.ee, i n  the f i n a l  analysis by t he  polar i ty  of 8. 

Let us consider par t icu lar  cases, by means of which the  ro le  of surface and 

volume recombinations can be defined. 

1. The volume recombination r a t e  of ca r r i e r s  great ly  exceeds the /68 
surface recombination rates, i.e., 
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Under these conditions 6% di f fe rs  l i t t l e  from 9 so that t h e  formula f o r  y 

derived by Karpenko (sib1.6) i s  obtained. In this case, t h e  c r i t e r ion  of the  

Eig.2 Diagrams of Adsorption Effect f o r  Gels and Semiconductors 
Exposed t o  Ionizing Radiation 

The n p l u s m  sign corresponds to  adsorption and t h e  
%inuse sign, t o  desorption: 

I - Surface charged posit ively (zones curved downward), donor 
pa r t i c l e s  adsorbed; I1 - Surface charged negatively (zones 

c m e d  upward), acceptor par t ic les  adsorbed; III - p t y p e  
semiconductors; IT7 - n-type semiconductors. 

po lar i ty  of the  adsorption e f fec t  i s  i n  agreement with Karpenkofs c r i t e r ion  

(Bibl.6) according t o  which the  polar i ty  of t h e  effect ,  i n  the  presence of a 

specified v, i s  determined solely by the posi t ion of t he  Fermi level i n  the 

c rys t a l  and the degree of surface curvature of the  zones (diagram i n  F'ig.2a). 

In  the  diagram, the  l i n e s  AA and BB cut t h e  en t i r e  region of adsorption i n t o  

sectors of posi t ive and negative effects, which a re  correspondingly designated. 

The displacement of the Fermi leve l  BF ( a t  V,, = const) o r  any change i n  the 

degree of curvature of the zones V,, ( a t  BF = const) as well as i n  both these 

parameters simultaneously, may lead t o  a reversal  i n  polar i ty  of t he  effect .  

Equations (20) - (Z),  on the  other hand, imply t ha t  t he  polar i ty  of the  e f fec t  

9 
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i s  influenced not on ly  by the  work function (Vas) o r  by t h e  e l ec t r i c  conductivi- 

ty  of t h e  c q s t a l  (eF ) but a l so  by the variations i n  the r a t io  of t he  volume t o  

surface recombination rates of the  carriers.  

2. The crys ta l  surface i s  so treated tha t  the s-urface reconbination rate 

of holes is  high and that of electrons low, compared with the  volume recombina- 

t ion  rate, i.e., 

I n  this case, eqs.(U> and (20) w i l l  f i e l d  

i.e., t he  polar i ty  of the  effect  i s  independent of the  surface curvature of /69 
the zones; it i s  posi t ive if 

and negative i f  the  sign i n  the  inequality (26) i s  reversed. 

i s t i c  t h a t  the polar i ty  reversal  of y i s  independent of Vo, and the  polar i ty  of 

the  effect ,  at given v, i s  highly reactive to changes i n  BF and weakly reactive 

It i s  character- 

n 

t o  the quantity E+,/-$ and thus i s  ent i re ly  determined by the displacement of 

t h e  Fermi l eve l  (Fig.2b). The sectors of posi t ive and negative e f f ec t s  are 

separated by mutually perpendicular l i nes  AA and BB; the  sector of posi t ive 

e f fec t  expands because of t h e  predominance of surface over volume recombination, 

t o  the extent indicated the  broken l i n e  CD. 

3 .  The surface of t he  body i s  so t reated as t o  satisfy inequal i t ies  appo- 

si te  t o  inequality (23),  i.e., 

->s, D eay (V,,'k7). ~ G s ,  D exp (- Vm,f&T). ( 27) L 

I n  this case, eqs.(Zl) and (20) give 
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meaning t h a t  the polar i ty  of y i s  strongly influenced by t h e  curvature of t he  

zones and t h a t  ( a t  OD, > 0), because of eqs.(27), the  variation range i n  the  

po la r i ty  of t h e  effect  on variations i n  the crystal parameters, tqerature, 

surface state, and posit ion of the  level of the  adsorbed par t ic le ,  w i l l  be ex- 

t r e m e l y  narrow. 

acceptor and adsorption of donor par t ic les  are involved here (Fig.2~) .  

For this case, y < 0 i s  characterist ic,  i.e., desorption of 

The 

presence of a marked surface recombination r e s t r i c t s  t h e  range of adsorption of 

acceptor par t ic les  and broadens t h e  range of adsorption of donor pa r t i c l e s  

(broken l i n e  CD i n  Fig.2c). 

4. The volume recombination of carr iers  i s  very low, so that 

Equation (30) differs  from the corresponding formulas by Karpenko (Bibl.6) only 

by the sign of V,, . 
Figs.2d and 2a; the  line AA runs para l l e l  t o  the  l i n e  FIlJ ra ther  than at r igh t  

angles thereto as i n  Fig.2a. 

essent ia l ly  differs from the  case considered by Karpenko (Bibl.6). 

on which of t h e  tm surface recombination rates of car r ie rs  i s  higher, the  

This i s  also evident from a comparison of the  diagrams i n  

The sector with v > 0 i s  suff ic ient ly  broad, which 

Depending 

regions of posi t ive and negative effects  may e i ther  broaden o r  contract ( l i n e  AA 

i n  Fig.2d i s  shifted p a r a l l e l  t o  itself and occupies the posi t ion of t he  Lines 

CD or C l D 1 ) .  

Note tha t  i n  F5g.2 the  regions with posi t ive and negative y may contract 
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and exgand also owing t o  variations in 

o r i g i n  (b$-s 3 0). 

p a r a l l e l  t o  itself. 

due t o  surface states of nonadsorptive 

/70 Then, t h e  l i n e  BB W i l l  be displaced to t h e  l e f t  o r  r igh t  

An analysis of ep.(2G) - (22) aid Fig.2 demonstrates that, from the  vi- 

point of adsorptive properties, t h e  most favorable cases are those described by 

eqs.(Z)  - (25) and (29) - (30) if the  volume recombination of ca r r i e r s  is suf- 

f i c i e n t l y  low canpared with t h e i r  surface recombination. 

such conditions are sa-tisfied i n  ge ls ,  which have a strongly developed surface; 

in such gels, br Virtue of the  above factors, adsorption e f fec ts  reach a particu- 

lar$r high value, as experimentall;g observed by Starodubtsev e t  dl. (Bibl.7-9) 

on i r rad ia t ing  gels  with fluxes of slow electrons. 

It i s  conceivable t h a t  
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